Abstract. The green tea polyphenol epigallocatechin-3-gallate (EGCG) is a potent anti-oxidant and anticancer compound. Recently, EGCG-mediated UVB photoprotection was reported in normal human dermal fibroblasts (NHDFs); however, the molecular mechanism underlying this process remains unknown. Thus, we investigated the EGCG-specific microRNAs (miRNAs) involved in the UVB protective response in NHDFs. WST-1 assays confirmed that low doses (<50 µM) of EGCG were non-cytotoxic and capable of recovering NHDF cell viability following UVB irradiation up to 83.7% compared to the control cells. Microarray analysis identified several miRNAs that were upregulated and downregulated significantly in this UVB protective response, with downregulated miRNAs outnumbering the upregulated ones. Bioinformatic studies, including miRNA target gene prediction and gene ontology analysis, revealed that the EGCG-specific miRNAs may control genes involved in transcription regulation and inhibition of apoptosis, but not MAPK activation, in NHDFs. Therefore, these results suggest that EGCG may serve as a potential natural photoprotective agent against UVB-mediated damage in NHDFs by altering specific miRNA expression.
Introduction
Epigallocatechin-3-gallate (EGCG), which is also known as catechin, is the most abundant polyphenolic compound extracted from green tea (1) . Numerous reports have demonstrated the beneficial health effects of EGCG in cancer, anti-oxidation, inflammation and hypertension (2) (3) (4) (5) (6) . Moreover, EGCG exhibits an anti-photoaging effect in skin cells. Ultraviolet (UV) radiation is the main inducer of photoaging, which is characterized by collagen loss, reactive oxygen species (ROS) generation, cell senescence and apoptosis. In vitro studies have demonstrated that EGCG protects against oxidative cellular damage in skin cells caused by UV radiation (7) . Studies in mice demonstrated that EGCG prevents photocarcinogenesis through DNA repair (8) . Furthermore, EGCG pretreatment inhibited UVB-mediated thinning of the epidermis, thereby restoring epidermal thickness and rendering the basal layer more compact in living skin equivalents (9) . Together, these results suggest that EGCG is a potential agent for preventing photoaging in skin.
Although the anti-photoaging effect of EGCG on skin cells has been broadly researched, molecular studies investigating the EGCG-mediated UVB protective effect have been limited. In keratinocytes, EGCG inhibited UVB-induced activation of activator protein-1 (AP-1) and p38 mitogen-activated protein kinase (MAPK) (10) . In addition, UVB-induced NF-κB activation and IL-6 expression were attenuated by EGCG treatment (11) . One molecular study investigating dermal fibroblasts reported that EGCG may prevent UVB-induced collagenolytic MMP production by interfering with the MAPK pathways (12) . Despite this knowledge, the molecular mechanisms underlying the anti-photoaging effect of EGCG remain largely unknown. microRNAs (miRNAs) are small (~19 nt), non-coding RNA molecules expressed in eukaryotes that regulate gene expression by inhibiting the translation of their target mRNA (13) . These small RNA molecules play central roles in several biological and disease processes, including cell survival, apoptosis, metabolism, cancer and diabetes (14) . miRNAs have also been associated with several important functions in skin cells. For example, miR-203 is expressed only in terminally differentiated cells and downregulates p63, an essential regulator of stem-cell maintenance, to enable pluripotent cells to differentiate into the stratified layers that compose the skin (15) . Moreover, DGCR8-mediated miRNA biogenesis is essential for skin development, indicating that miRNAs are an important regulator of mammalian skin development (16) . Recent miRNA expression profiling analyses of UVB-irradiated normal human keratinocytes have revealed several specific miRNA expression patterns (17) . However, characterization of miRNA expression associated with the UVB-protective ability in human dermal fibroblasts has yet to be performed. In this current study, we conducted miRNA expression profiling of EGCG-treated normal human dermal fibroblasts (NHDFs). Our data demonstrate that the antiphotoaging effect of EGCG induced several specific miRNA expression patterns involved in cell proliferation.
Materials and methods
Cell culture. NHDFs were purchased from Lonza (Basel, Switzerland) and cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco, Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; SigmaAldrich, St. Louis, MO, USA), penicillin (100 U/ml) and streptomycin (100 µg/ml). The cells were incubated at 37˚C in a humidified atmosphere containing 5% CO 2 .
Cytotoxicity and UVB protection assay. NHDFs (3x10 3 ) were seeded into 96-well plates and incubated overnight before treatment with several concentrations of EGCG for 24 h. The cytotoxicity of EGCG was measured by the WST-1 assay (EZ-CytoX Enhanced cell viability assay kit; Daeil Lab Service, Seoul, Korea) according to the manufacturer's instructions.
To assess UVB protection, NHDFs were first pre-treated with DMSO (Sigma-Aldrich) or EGCG (Sigma-Aldrich) for 3 h. Then the cells were washed and exposed to 100 mJ/cm 2 UVB without protective filters. After irradiation, the cells were cultured in tissue culture media with DMSO or EGCG for an additional 24 h before cell viability was measured using the WST-1 assay.
RNA purification. Total RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. The integrity of each RNA sample was verified with an Agilent 2100 Bioanalyzer ® (Agilent Technologies, Santa Clara, CA, USA). A260/A230 and A260/A280 ratios between 1.8 and 2.1 were confirmed in all RNA samples using the MaestroNano ® spectrophotometer (Maestrogen, Las Vegas, NV, USA).
Microarray analysis of miRNA profiles. miRNA profiling analysis was performed using SurePrint G3 Human V16 miRNA 8x60K microarrays (Agilent Technologies) containing probes for 1205 human and 144 viral miRNAs. Each RNA sample was dephosphorylated, labeled with Cyanine 3-pCp using T4 RNA ligase, dried completely and then treated with GE blocking agent (Agilent Technologies). The RNA was applied to the microarrays and then placed in the Agilent microarray hybridization chamber (Agilent Technologies) for 20 h. The microarrays were imaged using an Agilent scanner, and quantitative data for the miRNA profiles were extracted from the images using the Feature Extraction program (Agilent Technologies). These data were analyzed with GeneSpring GX software version 7.3 (Agilent Technologies). miRNAs with flags present in at least one sample were filtered and subjected to fold-change analysis. The fold-change analysis was conducted by a factor of 1.5-fold between the samples.
Computational analysis of miRNA expression. miRNAs that exhibited significant differential expression were selected, and their putative cellular target genes were determined using microCosm Target version 5 (www.ebi.ac.uk/enright-srv/ microcosm/htdocs/targets/v5/). Target genes were categorized into four groups, namely aging, apoptosis, cell proliferation, and skin development, using the Gene Ontology analysis tool AmiGO (amigo.geneontology.org/cgi-bin/amigo/browse.cgi). The genes were then further categorized into groups such as anti-apoptosis, activation of MAPKK activity, Ras protein signal transduction, small GTPase-mediated signal transduction, positive or negative regulation of cell growth, cell proliferation, cell cycle and regulation of transcription.
Results and Discussion
Before assessing the protective activity of EGCG against UVB radiation, we investigated the cytotoxicity of this compound on NHDFs at various doses. WST-1-based cell proliferation analysis demonstrated that 5-20 µM of EGCG for 24 h did not affect cell viability, whereas a 40 µM dose decreased cell viability to below 65% (Fig. 1A) . In fact, a previous report showed that treatment of NHDFs with >50 µM EGCG reduced cell viability by 50% as determined by the MTT assay (18) . Thus, high doses (>40 µM) of EGCG decrease cell viability, while low doses (<40 µM) have no cytotoxic effects on NHDFs. Therefore, our analysis of EGCG-mediated UVB protection was performed using 5, 10, and 20 µM of EGCG. We confirmed that treatment with 10 µM of EGCG rescued NHDFs from UVB radiation (100 mJ/cm 2 )-mediated cell death up to 83.7% compared with the control NHDFs (Fig. 1B) . These results are consistent with previous studies (12) , indicating that EGCG has a strong photo-protective effect against UVB radiation on NHDFs.
Studies of the molecular details underlying this photoprotective effect have been focused on changes in MAPK activation, including JNK, p38 MAPK and ERK1/2 phosphorylation. However, these changes are not specific to EGCG-treated NHDFs. UVB radiation induces MAPK phosphorylation in a variety of cell types, including NHDFs, keratinocytes, melanocytes and cancer cells (19) . Moreover, UVB radiation does not increase MAPK protein synthesis in cells, but rather the level of MAPK activity (19) . Notably, several natural and chemical agents reported to exhibit a UVB photo-protective effect share similar mechanisms, including MAPK phosphorylation (20) (21) (22) (23) . These data indicate that, although the MAPK pathways are important regulators in photo-protective mechanisms, their activity is not specific to the protection against UVB radiation. Besides these signaling pathways, EGCG-mediated anticancer properties have been associated with changes in the expression of specific miRNAs, namely miR-16 and miR-210, indicating that EGCG may function by regulating miRNA expression (24, 25) . Therefore, we proceeded to identify the specific regulators of the EGCGmediated photo-protective effect on NHDFs using miRNA expression profiling analysis that also demonstrated tissueand process-specific expression of miRNAs in various reports (26, 27) . The Agilent SurePrint G3 Human v16 miRNA microarray, which contains probes representing 1205 human and 144 viral miRNAs, was used to investigate changes in miRNA expression induced by EGCG treatment of UVB-irradiated NHDFs. Our study revealed that 6 and 26 miRNAs were upregulated and downregulated greater than 1.2-fold, respectively (Fig. 2) . These miRNAs are listed in Table I . With a 2.7-fold increase, miR-636 exhibited an increased upregulation. miR-3907, which displayed a 2.30-fold decrease, was downregulated to the greatest extent in this experiment. These data suggest that these miRNAs may be novel targets of EGCG. Of note, the microarray results showed that the number of downregulated miRNAs was higher than the number of upregulated miRNAs, indicating that the EGCG-mediated photo-protective effect is associated more with miRNA downregulation. miR-133a and miR-212, which were downregulated 1.8-and 1.61-fold, respectively, have been reported to induce apoptosis in bladder cancer and non-small cell lung cancer cells (28, 29) . In addition, miR-513a-5p, which was downregulated 1.74-fold in our study, reportedly mediates TNF-α-and LPS-induced apoptosis in human umbilical vein endothelial cells (30) . Although such miRNAs have not been associated with UVB-mediated apoptosis, these results suggest that EGCG inhibits UVB-mediated NHDF cell death by downregulating apoptosis-related miRNAs. Overall, these results indicate that EGCG may regulate specific miRNA expression levels to mediate UVB photoprotection.
miRNAs function by engaging with their target mRNA and inhibiting its translation (13) . We used the MicroCosm Target tool to identify putative miRNA target genes, analyze their gene ontology, and categorize them into cellular processes including aging, apoptosis, cell proliferation, and skin development (Tables II and III) . Furthermore, target genes were re-analyzed and categorized according to the cellular mechanisms to which they are related, as represented in Table IV . Of note, the genes targeted by the downregulated miRNAs are mainly involved in regulating transcription, anti-apoptosis, cell division, cell cycle and small GTPase-mediated signal transduction. However, these target genes are not involved in MAPK-related mechanisms, indicating that the miRNA-based EGCG-mediated photo-protective response is controlled by specific miRNAs and target genes associated with transcription and cell survival, but not MAPK activation, in NHDFs.
In summary, to the best of our knowledge, we demonstrated for the first time that EGCG protects against UVB radiation by regulating specific miRNAs that putatively target Table II . Predicted target genes of miRNAs upregulated in response to EGCG in UVB-exposed NHDFs.
Functions of target genes Aging  Apoptosis  Cell proliferation  Skin development   hsa-miR-1246  AQP1  AQP1, AXIN2, GNRHR,  -PTCH1   hsa-miR-548c-3p  MME, SMC5,  MNT, NR3C1, BBC3, CDKN1B,  TNFSF12, TRIM24, DDR1,  DDR1, IRF6,  MNT, SMC6,  BCL2L11, DLX1, FOXQ1, OGT,  PGR, UBR5, ODC1, TOB2,  TCF7L1, TCF7L2,  BBC3, ID2,  UBE2B, WNK3, TCFL2, BDNF,  ID4, LRP6, HSF1, FOXO1,  FRAS1  NUAK1,  RFFL, RPS6KA1, SNCA, TIA1,  HIPK2, NFKBIA, SMAD3,  NR3C1  AKAP13, PPARGC1A, PREX1,  NUAK1, CITED2, ERBB4 Table III . Predicted target genes of miRNAs downregulated in response to EGCG in UVB-exposed NHDFs.
Functions of the target genes ATM, TIMP3,  IL1A, GATA6, CBX4, HSP90B1,  S1PR1, KRAS, SIRT1, LIF,  -ADRBK1,  ITSN1, RAD21, RNF34, UBE2B,  PRKCD, BIRC6, CARD11,  PRKCD,  TNF, PRKCD, BAG4, BCL2L11,  ATM, IL1A, INSL3, IRS2,  SIRT1  CARD11, USP47, ATM, DDIT4,  PROX1, RBBP7, GATA6,  BIRC6, INSL3, IRS2, NOTCH2,  NOTCH2, CDON, ING5,  PDCD6IP, UNC5A, TRIM2,  PLAU, PDAP1, PRDM4,  SIRT1  LRRC32, TNF, MCC, CBLB   hsa-miR-212  CTGF  CTGF, EP300, FOXA1, MAPK3,  CTGF, FOXO3, ISL1, RB1,  -FOXO3, ISL1, SGK3, MAPT,  SGK3, EGR1, SPRY1,  RB1, RASA1  ZEB2, SOX11   hsa-miR-362-3p  GRB2  CUL2, KRIT1, BCLAF1, GRIK2,  BMPR2, CSF1R, PTPRJ,  -BLCAP, PTPRJ, PRUNE2, SHB,  CDK2, TXLNA, VSX2,  PRKCA  GPC3, OSM, PRKCA   hsa-miR-455-5p  LRP2, SOCS3  FZD5, SOCS3, TJP1, ETS1, GPI,  LRP2, FZD5, KDR, ETS1  -KPNA1, KDR  PDGFRA, IRF2, SOX11   hsa-miR-494  BBC3, CNR1,  BBC3, CNR1, ROCK1, KPNA1,  PHOX2B, FGFR2, IGF1R,  -SLC1A2, PTEN,  CUL3, FGFR2, IGF1R, GULP1,  CUL3, IL12B, ARHGAP5,  SIRT1  MTDH, UACA, PTEN, SIRT1,  EVI5, GPNMB, PBRM1,  INHBB  RAP1B, PTEN, TACC1,  NFIB, PITX, SIRT1   hsa-miR-513a-5p  HMGCR,  RAG1, UNC5D, ZNF346, EYA1,  MAGI2, PDS5B, SMAD2,  -CHEK2, SERP1,  TRIM2, USP47, XIAP, MAPK7,  TBX19, KRAS, CBLB,  CDK6, GRB2  CHEK2, NOD2  CDK6, EYA1, NOD2,  XIAP, ATF3, DDX11,  S1PR1, LIFR, VSX2   hsa-miR-660  -TFAP2B, CDH13, HIPK1  TFAP2B, CDH13, HIPK1,  TFAP2B  NAP1L1, LIFR transcription-and cell survival-related genes in NHDFs. Although additional studies must be performed to verify the predicted miRNA target genes identified in this study, our results suggest that characterization of EGCG-specific miRNA changes may provide a useful approach to understanding cellular responses to EGCG in UVB-induced NHDF damage. Table IV . Gene ontology analysis of the putative miRNA target genes. Target genes of the downregulated miRNAs  ------------------------------------------------------------------------------------------------------------------- Values were calculated by dividing the number of genes in each category by the total number of genes.
Target genes of the upregulated miRNAs ---------------------------------------------------------------------------------------------------------------------

